abstract PURPOSE Pembrolizumab monotherapy has demonstrated durable antitumor activity in advanced programmed death ligand 1 (PD-L1)-expressing non-small-cell lung cancer (NSCLC). We report 5-year outcomes from the phase Ib KEYNOTE-001 study. These data provide the longest efficacy and safety follow-up for patients with NSCLC treated with pembrolizumab monotherapy.
INTRODUCTION
For patients with non-small-cell lung cancer (NSCLC), median overall survival (OS) and 5-year survival rates have historically been poor. In the United States, 5-year survival between 2008 and 2014 was 24% for all patients with NSCLC and 5.5% for those with distant metastases. 1 The introduction of novel agents and use of predictive biomarkers have resulted in improved outcomes for patients with advanced/metastatic NSCLC 2, 3 ; however, the extent to which these new approaches have altered long-term survival outcomes has been uncertain.
The introduction of agents that promote tumor recognition by the immune system by inhibiting signaling between the programmed death-1 receptor and programmed death ligand 1 (PD-L1) and programmed death ligand 2 (PD-L2) has been an important recent advance in the treatment of NSCLC. 4, 5 Pembrolizumab is a monoclonal antibody that binds the programmed death-1 receptor and blocks its interaction with PD-L1 and PD-L2. 5, 6 Antitumor activity and acceptable toxicity of pembrolizumab monotherapy in patients with advanced NSCLC-treatment naive and previously treated-were first demonstrated in the phase Ib KEYNOTE-001 study. 7 Of note, patients with a PD-L1 tumor proportion score (TPS) of 50% or greater achieved a higher objective response rate (ORR) and median OS compared with patients with lower/absent tumor PD-L1 expression. Results from the KEYNOTE-001 study led to accelerated approval of pembrolizumab in patients with TPS 50% or greater, approval of the assay to assess PD-L1, and the incorporation of pembrolizumab into NSCLC treatment guidelines.
2,3
These results were validated in the KEYNOTE-010 study, which demonstrated improved OS with pembrolizumab versus docetaxel among patients with previously treated advanced NSCLC with PD-L1 TPS of 1% or greater. 8 In the first-line setting, pembrolizumab improved OS versus platinum-based chemotherapy in patients with advanced NSCLC without EGFR/ALK alterations and PD-L1 TPS of 50% or greater (KEYNOTE-024) 9 and PD-L1 TPS of 1% or greater (KEYNOTE-042). 10 Pembrolizumab in combination with platinum doublet chemotherapy is now considered a standard-of-care firstline therapy based on improved OS with the combination versus platinum-based chemotherapy plus placebo in the KEYNOTE-189 (nonsquamous) 11 and KEYNOTE-407 (squamous) 12 studies. However, for patients with PD-L1 TPS of 50% or greater, pembrolizumab monotherapy is often used rather than pembrolizumab plus chemotherapy based on similar outcomes in cross-study comparisons. 13 Because the KEYNOTE-001 study was the first to evaluate pembrolizumab in patients with advanced NSCLC, it provides the longest follow-up to date for pembrolizumab monotherapy in patients with advanced NSCLC. Herein we report 5-year efficacy and safety outcomes.
PATIENTS AND METHODS

Patients
Full details of the study design (with amendments) for the NSCLC cohorts of KEYNOTE-001 have been reported previously. 7, 14 Eligible patients for NSCLC cohorts (other cohorts enrolled patients with locally advanced/metastatic cancer or melanoma) were age 18 years or older with locally advanced/ metastatic NSCLC, measurable disease per immune-related response criteria (irRC), 15 Eastern Cooperative Oncology Group performance status of 1 or less, and a contemporaneous biopsy sample. Patients who were eligible for the treatment-naive cohort had no previous systemic treatment for advanced disease or adjuvant treatment within the previous year, no EGFR mutation and/or ALK translocation (with the exception of 11 patients who were enrolled before a protocol amendment on March 28, 2013), and a PD-L1 TPS of 1% or greater. Patients who were eligible for the previously treated cohorts had experienced treatment failure while receiving one or more or two or more systemic therapies for advanced disease, depending on the cohort. Patients were excluded if they had active CNS disease-unless clinically stable 4 or more weeks after treatment of brain metastases-or autoimmune disease that required systemic corticosteroids and/or immunosuppressive agents.
The protocol was approved by the institutional review board/ethics committee at each study site. All patients provided written informed consent.
Study Design and Treatment
The study design for the KEYNOTE-001 NSCLC cohorts has been reported previously. 7, 14 Patients received pembrolizumab intravenously at a dose of 2 mg/kg every 3 weeks or 10 mg/kg every 2 weeks or 3 weeks. Treatment continued until disease progression, intolerable toxicity, investigator decision, or patient withdrawal. After a protocol amendment in April 2016, all patients were switched from their assigned regimen to pembrolizumab 200 mg every 3 weeks, and patients who achieved a partial response or stable disease who had received 24 months of treatment could discontinue, with treatment resuming if they experienced disease progression/recurrence.
End Points and Assessments
The primary efficacy end point was ORR. Imaging was performed every 9 weeks in the first 2 years, every 16 weeks in year 3, and every 6 months thereafter. Response was assessed by independent central review per Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, 16 (until April 2016 when independent central assessment ceased in order to ease the burden on study sites) and by investigators per irRC. 15 In this analysis, we report response per investigator-assessed irRC.
OS and duration of response (DOR; time from the first confirmed response to time of the first documentation of disease progression) were secondary efficacy end points. Survival was assessed every 2 months after the discontinuation of pembrolizumab. Adverse events (AEs) were recorded and graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.0). PD-L1 expression on tumor biopsy samples was assessed using immunohistochemistry using antibody clone 22C3 (Merck & Co., Inc, Kenilworth, NJ). 17 For study enrollment, positivity was quantified with a prototype assay, which defined positivity as membranous staining on 1% or more of tumor cells or a distinctive staining pattern caused by mononuclear inflammatory cell infiltrates. 7, 17 To determine correlations between PD-L1 expression and efficacy outcomes, PD-L1 was assessed by a clinical assay that defined positivity on the basis of tumor cell staining only. 17 Although both assays used the same antibody, differences in evaluation occurred, including around the 1% cut point. 7 
Statistical Analysis
Efficacy and safety analyses included patients who received one or more pembrolizumab dose. Because efficacy and toxicity were similar regardless of dose or schedule, 18 pembrolizumab dose groups were pooled for treatmentnaive and previously treated patient cohorts. Among previously treated patients, there were multiple cohorts on the basis of PD-L1 expression and the number of prior therapies; these cohorts were also pooled. We estimated ORR and its 95% CI using the binomial exact method. We estimated OS and DOR using the Kaplan-Meier method. Median follow-up was calculated as the time from random assignment/first treatment to data cutoff for all patients.
RESULTS
Patients and Treatment
A total of 550 patients (101 treatment-naive and 449 previously treated) were enrolled between May 9, 2012, and July 13, 2014 (Data Supplement). Baseline demographic and clinical characteristics are listed in Table 1 . As of the data cutoff-November 5, 2018-median follow-up was 60.6 months (range, 51.8 to 77.9 months). Median treatment duration was 3.3 months (range, 1 day to 75.9 months). One hundred patients were still alive at the time of analysis. Sixty patients-14 (14%) of 101 patients in the treatment-naive group and 46 (10%) of 449 patients in the previously treated group-received 2 or more years of treatment with pembrolizumab. Disposition of patients is described in the Data Supplement. One patient in the previously treated group ceased treatment after 44.4 months and upon experiencing disease progression at 47.2 months, began a second course of pembrolizumab, as permitted by the study protocol. The patient experienced a partial response during the second course of treatment, which continued until progressive disease occurred at 53.7 months.
Efficacy
Seventy-five treatment-naive patients (74.3%) and 375 previously treated patients (83.5%) had died. Median OS was 22.3 months (95% CI, 17.1 to 32.3 months) for treatment-naive patients and 10.5 months (95% CI, 8.6 to 13.2 months) for previously treated patients (Figs 1A and 1B). The Kaplan-Meier estimate of OS at 5 years was 23.2% among treatment-naive patients and 15.5% among previously treated patients. Among treatment-naive patients, OS rates at 2 years, 3 years, and 4 years were 49.0%, 37.0%, and 31.0%, respectively. Among previously treated patients, OS rates at 2 years, 3 years, and 4 years were 30.1%, 20.9%, and 18.2%, respectively.
OS among select subgroups is summarized in Table 2 . Outcomes by PD-L1 expression in EGFR-mutant patients are described in the Data Supplement.
Forty-two patients (41.6% [95% CI, 31.9% to 51.8%]) in the treatment-naive group and 103 patients (22.9% [95% CI, 19.1% to 27.1%]) in the previously treated group had a confirmed objective response per irRC by investigator assessment (Table 3) . Of note, ORR by investigatorassessed irRC was higher than that per central review by RECIST version 1.1 (as previously reported 7 ), particularly among treatment-naive patients. Three patients achieved complete response in the treatment-naive group, and five achieved complete response in the previously treated group. Most responses occurred shortly after the initiation of therapy (Fig 2) . Among 145 patients who experienced a response, 105 (72%) and 133 (92%) achieved response within 3 months and 6 months, respectively, of initiating treatment. Median time to response was 2.1 months (range, 1.7 to 9.5 months) and 2.1 months (range, 1.6 to 14.7 months) for treatment-naive and previously treated patients, months) and 12.6% among patients with PD-L1 TPS of 1% to 49% and 8.6 months (95% CI, 5.5 to 10.6 months) and 3.5% among patients with PD-L1 TPS of 1% or less (Fig 1D) . When OS and ORR were evaluated in quartiles defined by baseline PD-L1 expression-among all treated patients-higher PD-L1 expression was associated with longer median OS, higher 5-year OS rate, and higher ORR (Data Supplement). Clinicopathologic characteristics among patients with or without a response are summarized in the Data Supplement.
Among 100 patients who were alive at the time of data cutoff, 78 (78%) had experienced an objective response (20 [77%] of 26 patients in the treatment-naive group and 58 [78%] of 74 patients in the previously treated group). Among patients still alive, one in the treatment-naive group and five in the previously treated group achieved complete responses.
Of the 60 patients who received 2 or more years of treatment with pembrolizumab, 46 were alive at data cutoff, with an estimated 5-year OS rate of 78.6% in the treatment-naive group (n = 14) and 75.8% in the previously treated group (n = 46). Among patients who completed 2 or more years of pembrolizumab therapy, 12 (86%) of 14 patients in the treatment-naive group and 42 intolerance, and hypersensitivity reaction-all grade 3 and all resolved. Serious AEs occurred in 228 patients (42%), including 50 (9%) who had treatment-related serious AEs. Treatment-related AEs led to treatment discontinuation in 31 patients (6%), of whom nine are still alive and seven have an ongoing response. As previously reported, 7, 14 two patients died as a result of a treatment-related AE-interstitial lung disease (day 12) and cardiopulmonary arrest (day 32).
Overall, 92 patients (17%) experienced an immune-mediated AE, regardless of attribution to therapy by investigators, and 32 were still alive at data cutoff. Incidence of immunemediated AEs at 3 and 5 years of follow-up is shown in Fig 3. The most common immune-mediated AEs (all grades) were hypothyroidism (9%), pneumonitis (5%), and hyperthyroidism (2%). Twenty-one patients (4%) had grade 3 to 5 immune-mediated AEs. The only grade 3 to 5 immunemediated AEs to occur in more than one patient were pneumonitis (n = 12; 2%), severe skin reaction (n = 4; , 1%), and colitis (n = 3; , 1%).
DISCUSSION
Five-year outcomes from the KEYNOTE-001 study represent the longest follow-up of patients with advanced/ metastatic NSCLC who received pembrolizumab. Overall, it is clear that these outcomes represent a clinically meaningful improvement over the 5-year OS rate of 5.5% that was achieved with standard-of-care cytotoxic chemotherapies in the period immediately before the introduction of immunotherapies for the treatment of advanced/metastatic NSCLC. 1 Given the single-arm nature of the KEYNOTE-001 study and the consequent absence of a comparator arm, the magnitude of any clinical benefit attributable to pembrolizumab cannot be quantified, and the predictive value of tumor PD-L1 expression cannot be fully evaluated in this exploratory analysis. However, efficacy outcomes in this study and the observed association between tumor PD-L1 expression and OS are consistent with data from randomized controlled trials with more limited follow-up, including KEY-NOTE-010, KEYNOTE-024, and KEYNOTE-042. 8, 19, 20 Taken together, these data provide support for an association between PD-L1 TPS assessed using the PD-L1 immunohistochemistry 22C3 pharmDx assay (Agilent Technologies, Carpinteria, CA) 21 and long-term outcomes among patients who received pembrolizumab monotherapy for advanced NSCLC. The results highlight the potential for long-term benefit that may be realized through individualized treatment selection.
The durability of responses achieved during pembrolizumab treatment appeared to be an important contributor to the OS outcomes. A subgroup of patients were not only alive at 5 years but also achieved durable responses, with some patients in both the treatment-naive and previously treated groups having response durations of 4 or more years. Among the 60 patients who received 2 or more years of pembrolizumab treatment, more than 85% experienced an objective response, and the 5-year OS rate exceeded 75%. Of note, among patients in this group, median DOR was 52.0 months for treatment-naive patients and had not been reached for previously treated patients. These results are consistent with findings from an analysis of the KEYNOTE-010 study in which the ORR (95%) and 3-year OS rate (98.7%) were high among patients who completed 2 years of treatment. 20 The importance of achieving an objective response is further emphasized by the finding that the majority of patients who were still alive had achieved an objective response: among 100 patients who were alive at the time of analysis-of whom 46 had received 2 or more years of pembrolizumab therapy-78% had an objective response. No clinicopathologic characteristic appeared to differentiate between patients with a response who were alive at the data cutoff versus those who were not.
Long-term analyses from randomized controlled studies, albeit with shorter follow-up than in our analysis of KEY-NOTE-001, have consistently demonstrated improved OS rates with pembrolizumab versus cytotoxic chemotherapy. In an updated analysis of the KEYNOTE-010 study in patients with previously treated NSCLC, among those with PD-L1 TPS of 50% or greater, the 3-year OS rate was 35% for patients who received pembrolizumab compared with 13% for patients who received docetaxel (median OS: 16.9 months v 8.2 months), whereas among those with PD-L1 TPS of 1% or greater, 3-year OS rates were 23% and 11%, respectively (median OS: 11.8 months v 8.4 months). 20 In the first-line setting in patients with PD-L1 TPS of 50% or greater, an updated analysis of the KEY-NOTE-024 study found a 2-year OS rate of 51.5% for pembrolizumab versus 34.5% for platinum-based chemotherapy (median OS: 30.0 months v 14.2 months). 22 Data from randomized trials have thus shown data that are similar to that of the single-arm KEYNOTE-001 study at analogous time points and suggest that patients with PD-L1 TPS of 50% or greater may derive greater absolute benefit from pembrolizumab as a first-line therapy than as a second-line therapy.
Five-year OS rates were high and median OS was long across all subgroups evaluated, although assessment of these outcomes should be interpreted with caution given the limited numbers of patients in certain subgroups. Consistent with the KEYNOTE-001 results reported at 1 year and 3 years of follow-up, 7, 14 nonsquamous histology was associated with higher 5-year OS among treatmentnaive patients, whereas the opposite was found for previously treated patients. Although a similar difference in outcome was observed for patients who used tobacco, with current or former smokers versus those associated with higher 5-year OS among previously treated patients, it should be noted that the number of never-smokers in the treatment-naive group was small (n = 11). The association between EGFR mutation and shorter median OS and lower 5-year OS rate among previously treated patients is consistent with the findings from a meta-analysis of three studies in previously treated patients ( 23 Although it is anticipated that agents that target specific genomic abnormalities may increase the 5-year survival rate for appropriate populations, PD-L1 TPS of 50% or greater identifies a population of patients with NSCLC who may derive long-term survival benefit from pembrolizumab monotherapy. At present, it is unknown whether exploratory biomarkers, such as tumor mutational burden or the presence and/or characteristics of tumor-infiltrating lymphocytes, could aid in selecting long-term survivors. Research evaluating novel potential biomarkers is ongoing.
Safety data from this study after approximately 1 year and 3 years of follow-up have been reported previously. 7, 14 Updated safety data from the current analysis are consistent with the known safety profile of pembrolizumab and support the long-term tolerability of treatment of patients with advanced NSCLC with pembrolizumab. Overall incidence of treatment-related AEs and the nature and severity of immune-mediated AEs in this analysis were similar to those reported in prior analyses. 7, 14 The incidence of treatmentrelated and immune-mediated AEs was higher among patients who experienced a response versus those who had not (Data Supplement); however, the likelihood of significant confounding relationships between treatment exposure, objective response, and the incidence of AEs makes this finding difficult to interpret.
Five-year OS rates with pembrolizumab (treatment-naive, 23.2%; previously treated, 15.5%) are consistent with those reported for other anti-PD-(L)1 agents. In a phase I study of nivolumab in patients with previously treated NSCLC (CA209-003), OS was 18% at 3 years and 16% at 5 years of follow-up. 24, 25 In long-term follow-up analyses of phase III studies that enrolled previously treated patients, 3-year OS for nivolumab has been reported as 17% versus 8% for doctaxel, 26 whereas 3-year OS for atezolizumab and docetaxel was 19% versus 10% for docetaxel. 27 Five-year outcomes from the KEYNOTE-001 study demonstrate that pembrolizumab provides long-term OS benefit and durable responses with tolerable safety for treatmentnaive and previously treated patients with advanced PD-L1-expressing NSCLC. In the context of low historical 5-year survival in advanced NSCLC, these data demonstrate the potential of pembrolizumab treatment to improve long-term outcomes for patients with advanced NSCLC.
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